The enhanced multimedia broadcast multicast service (eMBMS) was originally introduced in long term evolution (LTE) release 9 and has been improved in releases 10 and 11. The goal of eMBMS is to improve the coverage of high data rates and cell-edge throughput of broadcast services. In this paper we analyze this service that in spite of not being widely deployed has received increased importance due to the availability of new smart phones and tablet devices creating conditions to become eMBMS more attractive. The performance results indicate that the use of soft frequency reuse in single frequency network is essential for improving eMBMS throughput and coverage.
Introduction to eMBMS
The evolved multimedia broadcast and multicast service (eMBMS) television service was specified at the physical layer in Release 8 but was not functionally complete until Release 9. The features in Release 9 provide a basic MBMS service carried over an MBMS single frequency network (MBSFN). One limitation of Release 9 definition was the lack of a feedback mechanism from the UEs that would inform the network if sufficient UEs were present in the target area to justify turning on the MBSFN locally. In Release 11, further MBMS enhancements for service continuity were specified including support on multiple frequencies, reception during radio resource control (RRC) idle and RRC connected states, and support to take user equipment (UE) positioning into account for further optimization of the received service. eMBMS is performed either in single cell or multi-cell mode. In single cell transmissions, eMBMS traffic is mapped to the downlink shared channel (DL-SCH). In multi-cell mode, transmissions from cells are carefully synchronized to form a MBSFN [4, 5, 6] . MBSFN is an elegant application of OFDM for cellular broadcast. The principle of operation is quite simple. Identical transmissions are broadcast from closely coordinated cells simultaneously on a common frequency [6] . Signals from adjacent cells arrive at the receiver and are dealt with in the same manner as multipath delayed signals. In this manner, UE can combine the energy from multiple transmitters with no additional receiver complexity. If the UE is at a cell boundary, the relative delay between the two signals is quite small. However, if the UE is close to one base station and relatively distant from a second base station, the amount of delay between the two signals can be quite large. For this reason, MBSFN transmissions might be supported using 7.5 kHz sub-carrier spacing (instead of 15 kHz) and a longer CP [4] . MBSFN networks also use a common reference signal from all transmitters within the network to facilitate channel estimation. As a consequence of the MBSFN transmission scheme, UE can roam between cells with no handover procedure required. Signals from various cells will vary in strength and in relative delay, but in aggregate the received signal is still dealt with in the same manner as a conventional single channel OFDM transmission. Figure 1 illustrates MBSFN transmission scheme B) including also an illustration of the Single Cell Point-toMultipoint transmission A), the other scenario to be evaluated later in this paper. eMBMS brings improved performance thanks to higher and more flexible LTE bit rates, MBSFN operation and carrier configuration flexibility. Release 11 also brings improvements in the areas of the service layer with a video codec for higher resolutions and frame rates and forward error correction (FEC) including procedures to ensure MBMS reception in a multifrequency LTE network. It creates new revenue opportunities by enabling delivery of premium video content to many users with secured quality of service in defined areas, and by enabling pushed content services via UE caching. According to 3GPP specifications [7, 8, 9] , the deployment scenario where a dedicated carrier is used for broadcast only (MBSFN) has the following properties:
• E-UTRA MBMS is envisaged to achieve a cell edge spectrum efficiency of 1 bit/s/Hz, equivalent to the support of, at least, 16 Mobile TV channels, at around 300 kbps per 5 MHz channel (in an urban or suburban environment).
• In the deployment scenario, where a carrier is shared between broadcast and unicast traffic, the target performance at cell edge for broadcast traffic should be in line with the existing target performance for the unicast traffic.
Soft Frequency Reuse
To solve the limitations in terms of spectral efficiency of traditional frequency reuse schemes, hybrid reuse (HR), or soft fractional frequency reuse (SFFR), as it is sometimes mentioned in the literature, was proposed by several authors ( [10, 11, 12] ). This consists of defining different zones within each cell where different reuse factors are applied. Figure 2 shows an example of HR 1+1/3 (reuse 1 + reuse 1/3), where there is an area where all frequency spectrum is used and another area at the border of the cells where only a fraction of the frequency is used. This way we can achieve maximum spectral efficiency in the center of each cell, and reduced inter-cell interference levels at the border of cells. This technique is implemented using the same methodology used for normal fractional frequency reuse, but this time different levels of power P are applied to different frequencies, for each sector of every cell, as defined in the following.
,
The assignment of different power levels to different frequencies f n is related to the characteristics of radio signals, more precisely the average path losses (L path ) that radio signals suffer over the air. This has direct impact on the total power received at the UE (P RxUE ). This way, at the center of the cell, all frequencies transmitted with power P < p tx will be received and, at the edge of cells, only frequencies transmitted with power P > p tx will be received and will interfere with each other. To determine the power levels that each frequency should use, we first need to determine the location of the different reuse zones. This can be somewhat tricky, because it is hard for the UE to determine with precision its position, therefore making it hard to know when it should be using one or another reuse. To solve this, we can define certain levels or targets for carrier-tointerference ratio (C/I), and based on those target values the UE knows that it should apply for one type of reuse (e.g. if UE C/I is higher than the target C/I) or another (e.g. if UE C/I is below target C/I). On the other hand, the level of C/I received at UE is associated with a certain distance to the center of the cell (that is, base-station (BS) site). This allows us to define distances of reuse (DR) that are directly related to a certain level of C/I and, in turn, these levels of C/I can be determined from the received power of pilot sub-carriers at UEs.
Numerical results and conclusions
The most important parameters used in system level simulations (SLS) for the different scenarios based on 3GPP recommendations [11, 12] can be observed from Table 1 . The average propagation loss with distance is dependent of the probability of line-of-sight. This is presented in equation (2), where mobile users must be distant from the BSs antennas more than 18 meters. The geometry factor was the term used in universal mobile telecommunication system (UMTS) to indicate the ratio of the wanted signal relating to the interference plus noise. This corresponds to the signal-to-interferenceplus-noise ratio (SNR). The following six figures present several geometry distributions (SNR), illustrating several inter-cell interference cancellation (ICIC) schemes. The system simulated has 19 sites (BSs), where each cell has three sectors, 57 sectors in total, and mobile users are distributed within the inner seven cells but suffer intercell interference from all the BSs. The cell radius is 2,250 meters. In Figure 3 the spatial geometry distribution of the SC-PMP scenario with full frequency reuse of 1 is presented. As reuse 1 is considered, no ICIC is employed and as a result the SNR is low in almost everywhere. The higher values of SNR occur closer to the sites aligned with the directions of the three sector antennas. The places with SNR≤-2dB correspond to about 10% of the total area. There are no places with SNR≥22dB. The simple form of reducing inter-cell interference is employing fractional frequency reuse. In Figure 4 , the spatial geometry distribution of the SC-PMP scenario with fractional frequency reuse of 1/3 is presented. As a result, the SNR increases everywhere. As expected, the higher values of SNR continue to occur closer to the sites aligned with the directions of the three sector antennas. The places with SNR≤-2dB have disappeared and were replaced by 0dB≤SNR≤2dB corresponding to about 10% of the total area. The places with SNR≥22dB correspond to about 10% of the total area. In Figure 5 the spatial geometry distribution of the SC-PMP scenario with soft frequency reuse of 1+1/3 is presented. When compared with the case of simple reuse 1, the SNR increases everywhere. The higher values of SNR continue to occur closer to the sites aligned with the directions of the three sector antennas. However, despite the higher available spectrum, when compared with the case of reuse 1/3, there is a decrease in SNR values close to BSs due to the use of reuse 1 in those areas. The places with 0dB≤SNR≤2dB correspond to about 10% of the total area, which is identical to simple reuse 1/3. However, the places with SNR≥22dB have decreased and correspond to about 3% of the total area. In Figure 6 , the spatial geometry distribution of the MBSFN scenario with full frequency reuse of 1 is presented. In spite of employing reuse 1, there is ICIC due to the considered MBSFN scenario. For reuse 1, MBSFN compared with SC-PMP presents spatial SNR higher due to coordination of the synchronized transmissions. The higher values of SNR continue to occur closer to the sites aligned with the directions of the three sector antennas. The places with values2dB≤SNR≤0dB correspond to about 5% of the total area. The places with values SNR≥22dB correspond also to about 5% of the total area. To further reduce the inter-cell interference, we consider the fractional frequency reuse. In Figure 7 , the spatial geometry distribution of the MBSFN scenario with fractional frequency reuse of 1/3 is presented. As a result, the SNR increases substantially everywhere. As expected, the higher values of SNR continue to occur closer to the sites aligned with the directions of the three sector antennas. The places with -2dB≤SNR≤0dB have disappeared and were replaced by 6dB≤SNR≤8dB, corresponding to about 10% of the total area. The places with values SNR≥22dB have increased and correspond to about 20% of the total area. Figure 8 , the spatial geometry distribution of the MBSFN scenario with soft frequency reuse of 1+1/3 is presented. When compared with the case of simple reuse 1, the SNR increases everywhere. The higher values of SNR continue to occur closer to the sites aligned with the directions of the three sector antennas. However, when compared with the case of reuse 1/3, there is a decrease in SNR values close to BSs due to the use of reuse 1 in those areas. The places with 6dB≤SNR≤8dB correspond to about 10% of the total area, which is identical to simple reuse 1/3. However, the places with values SNR≥22dB have decreased and are about 15% of the total area. Figure 9 shows the cumulative distribution function of throughput (CDF(x)) as a function of the throughput, for eMBMS with soft frequency reuse, with variable number of Mobile TV channels per sector. The CDF(x) is the probability of the random variable % of UEs with throughput value less than or equal to x. The average number of users per sector is 20, but for MBSFN the throughput results are independent of it. As can be seen in one carrier occupying the 10MHz band is possible to offer 40 Mobile TV channels with an average throughput of 700kbps for most of the users. Users located at the cell border identified by those receiving the 5% lower throughput in each performance curve, get always more than 420kbps per TV channel, which corresponds to the spectral efficiency 1.68 bps/Hz for cell edge users. The throughput distribution versus the geometry of the users inside the cell, corresponding to Figure 9 is illustrated in Figure 10 . As can be observed for 1 and 5 TV channels the throughput of users located close to the base station with higher geometry, is almost the double of the users located at the border of the cell. However when the numbers of TV channels increase for 20 and 40 there is no obvious difference of throughput independently of the user position. The performance results indicate that the use of soft frequency reuse with MBSFN is essential for improving eMBMS coverage and throughput.
